ABSTRACT: Oxygen profiles above coralline algal surfaces were measured with micro-electrodes. At flow veloc~ties of 1 to 3 cm S-' in the mixed layer, the diffusive boundary layer was 0.1 to 0.2 mm on algae which were frequently grazed by limpets and chitons. It extended to 0.5 mm above surfaces on which a microbial film had developed after 16 d without grazing. When the mixed layer above grazed algae was not stirred the diffusive boundary layer reached 2.5 mm. The lowest 0 2 concentration on the algal surface was 11 % of air saturation (Lithothamnion sp. dark, unstirred), and the highest concentration was 397 % of air saturation (Lithothamnion, light, unstirred). With a flow velocity of 1 to 3 cm S-' in the mixed layer, the corresponding range was 53 to 211 % of air saturation. The O2 consumption rate was 0.8 mm01 m-2 h-' 0 2 production rates at light saturation were 3.2 mm01 m-2 h-' (Corallina sp.) and 10.4 mm01 m-2 h-' (Lithothamnion). For a Lithothamnion sp. the compensation point was at 10 pm01 quanta m-2 S-', and the photosynthetic O2 production was saturated at 50 to l00 pm01 quanta m-2 S" The biofilm which developed in the absence of grazers increased the 0, consumption of the surfaces, but no anaerobiosis was observed on coralline surfaces under any of the conditions tested.
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Coralline algae (Rhodophyta, Corallinaceae) can be found in the photic subtidal of most rocky sea coasts (Johansen 1981) . Despite their slow growth, corallines compete successfully for large proportions of the hard substratum under a wide variety of environmental conditions. Intensive grazing appears to be important for the prevention of overgrowth and thus for the longterm survival of coralline algae in many natural habitats (Steneck 1986 ). Limpets, chitons, abalone, sea urchins and finfish are among the herbivores capable of keeping the coralline surface clean.
The coralline algae provide food and shelter for the newly-settled larvae and juveniles of at least some of . Coralline surfaces are uniquely able to induce the planktonic larvae of abalone (Haliotis) to settle and metamorphose (Morse & Morse 1984) . There appear to be mutual benefits in the coralline-grazer association: grazers keep the corallines free from soft algal colonizers, and the corallines provide a suitable habitat for larval settlement.
The ecologically significant inducers of abalone larval settlement are organic substances which are often assumed to originate from the corallines (Morse & Morse 1984) . However, coralline surfaces are colonized by bactena, despite the frequent and intensive scouring (Lewis et al. 1985 , Johnson et al. 1991 . These bacteria may affect the larval settlement of abalone and possibly other grazers (e.g. sea urchins; Pearce & Scheibling 1990) by producing and/or degrading settlement-inducing molecules (Kaspar et al. 1989 , Johnson et al. 1991 .
The metabolism of newly-settled larvae, post-larvae, juveniles and microbial colonizers on the coralline surfaces is affected by the oxygen concentration in the diffusive boundary layer (DBL) between the surface and the mixed water above the surface (Revsbech & Jerrgensen 1986) . The oxygen concentration is the result of oxygen consumption and production rates by the algae/microbes/grazers community and of the diffusion rate across the DBL. This paper describes the oxygen conditions on the coralline surfaces as affected by respiration, photosynthesis, water movement and grazing.
Materials and methods. Fist-size stones which were colonized by coralline algae (Lithothamnion sp. and Corallina sp.), foliose red and brown algae and the associated fauna (e.g. chitons, limpets) were collected on 24 February and 3 March 1991 at 0.5 to 1.5 m depth from Limfjorden near the Ronbjerg field station of the University of Arhus, Denmark. The stones were kept submerged in seawater and brought to the laboratory where they were placed in aquaria containing aerated seawater (27 %O salinity, 18 to 21 "C) and exposed to natural light fluctuations.
Oxygen measurements were started after a 2 wk adaptation period. Individual stones were placed in a n aquarium under the same conditions as above. A micromanipulator was used to lower a microelectrode with guard cathode (Revsbech 1989) vertically onto the coralline surfaces. The signal was measured with a picoammeter and recorded with a strip chart recorder. Further details are given by Revsbech & Jsrgensen (1986) . Aeration at a constant rate provided for water flow velocities of 1 to 3 cm S-' and oxygen concentrations at equilibrium with air in the mixed layer near the electrode. The aquarium was wrapped in black plastic for dark incubations. A TCT-W Type FL fibreoptics light source (Lyngsb, Saeby, Denmark) was used for light incubations. Light measurements were done with a Model LI-185A quantum photometer and a LI-190s quantum sensor (LI-COR Inc, Lincoln, Nebraska).
The effect of grazing was determined on a stone which was kept in a separate aquarium without grazers for 16 d before the first oxygen profiles were taken. Five limpets (1 to 2 cm diameter) were then placed on the stone overnight, and on the following day the measurements were repeated above areas of the surface which had been grazed clean by the limpets.
The diffusive boundary layer (DBL) was defined as the area between the coralline surface and the distance from this surface at which the oxygen concentration first reached equilibrium with air (Jsrgensen & Revsbech 1985) . The flux of oxygen through the DBL was calculated from the Linear portion of the oxygen gradient, using Fick's first law of diffusion (Revsbech & Jargensen 1986) . The profiles were measured in at least 4 replicates within a few mm of each other. Standard deviations were less than 13 % of the mean for all measurements. They are given in Fig. 1 but left out for clarity in the other figures.
Results and discussion. Under dark and stirred conditions the oxygen concentration at 4 sites on a Corallina sp. surface was 93 to 98 % of air saturation. On a Litbothamnion sp. surface the range was 53 to 95 % when stirred and l 1 to 69 % when unstirred (13 measurements). The lowest oxygen concentrations were at the bottom of conceptacles where the DBL was likely to be thickest (Jsrgensen & Des Marais 1990) .
The thickness of the DBL is a major controlling factor ~f the oxygen concentration on the coralline algal surface. At water flow velocities of 1 to 3 cm S-' in the mixed layer the DBL was 0.1 to 0.2 mm (Figs. 1, 2 & 3) . Under similar conditions, DBL thicknesses of 0.2 to > l mm over sediments (Jargensen & Revsbech 1985) and 0.16 to 0.59 mm over an algal mat (Jsrgensen & Des Marais 1990) have been reported. The thinner DBL over corallines is not surprising in view of their smooth, well-defined surface which is normally kept free of colonizers by frequent grazing and sloughing of the epithallium (Johnson & Mann 1986 , Steneck 1986 ). Under stirred conditions, the coralline surface provided for a relatively thin DBL and thus a small diffusive barrier. After stirring had been stopped, the DBL expanded to 2.5 mm (Fig. 2) . On a Lithothamnion sp. surface which had not been grazed for 16 d the DBL extended to 0.5 mm due to the development of a biofilm consisting of detritus, microalgae, protozoans, nematodes and bacteria (Fig. 3) .
The demand for oxygen by the coralline algae is the second important factor controlling the oxygen conditions on the algal surface. The O2 uptake rate under stirred conditions was 0.8 mm01 m-' h-' (calculated from 'dark', 'stirred' and 'after grazing' profiles in Figs. 1, 2 & 3 respectively). This compared with 0.1 mm01 m-' h-' in a deep-sea sediment (Reimers & Smith 1986) , 0.5 to 1.8 mm01 m-2 h-' in a saltmarsh (Schwinghamer et al. 1991 ), 1.1 to 3.8 mm01 m-2 h-' in coastal sediment (Hopkinson & Wetzel 1982 , Revsbech & Jargensen 1986 and 2.7 to 5.3 mm01 m-2 h-' i n a microbial mat of a hypersaline pond . Thus, the coralline algae had a relatively low demand for oxygen.
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Fig 1 The low oxygen demand, together with a thin DBL, resulted in aerobic conditions on the naturally grazed algal surfaces as well as under conditions favouring oxygen depletion (higher experimental temperature than in situ temperature, no turbulence, increased biofilm thickness due to lack of grazing). The results suggest that small organisms (e.g. invertebrate larvae or bacteria) living in the DBL above the coralline surface may not require an anaerobic energy metabolism. However, it is conceivable that invertebrate larvae, whose diameter is similar to that of conceptacles and the thickness of the DBL, come under oxygen stress in sheltered pockets such as conceptacles.
Incubation of the corallines under light caused the oxygen concentration to increase above the equilibrium with air ( Fig. 1) . At light saturation, surface oxygen concentrations at 10 sites above a Lithothamnion sp. were 119 to 211 % (stirred) and 245 to 397 % (unstirred) of air saturation. The highest oxygen concentrations were above young vegetative tissue near the fringes of thalli. The net oxygen production calculated from the profile in Fig. 1 was 10.4 mm01 O2 m-2 h-'. Under similar conditions, a Corallina sp. produced oxygen at 3.2 mm01 m-2 h-'. Wanders (1976) measured 4.7 to 10.6 mm01 m-' h-' for coralline crusts and 20 mm01 m-' h-' for a dense foliose algal turf. A cyanobacterial mat produced oxygen at 37 mm01 m-2 h-' (Revsbech & Jerrgensen 1986) . For a eucaryotic algal mat 47 mm01 m-2 h-' has been reported (Revsbech & Ward 1983) . Our results confirm the relatively low photosynthetic oxygen production by corallines. Despite their slow growth, corallines are widespread and often dominate the subtidal vegetation (Johansen 1981) . Their success may depend largely on the frequent sloughing of their surface ( Johnson & Mann 1986 ) and the grazing by a range of invertebrates whose larvae settle preferentially on corallines (see Johnson et al. 1991 , Steneck 1986 ).
The Lithothamnion sp, used in this work had a compensation point of 10 km01 quanta m-2 S-', and its photosynthetic oxygen production reached light saturation between 50 and 100 pm01 quanta m-2 S-' (Fig. 4) . These results are similar to those reported for other corallines adapted to low light and temperatures (Adey 1973) .
LIGHT (gm01 quanta m-'sec") Fig. 4 . Oxygen flux across the DBL above a Lithothamnion sp. surface at various light intensities A biofilm developed on the coralline surface within a short time after the grazers had been removed (Figs. 1  & 3) . Such a biofilm may prevent the physical contact necessary between invertebrate larvae and the settlement inducers on coralline surfaces (Morse & Morse 1984) , or it may alter the postulated role of bacteria in larval settlement. Due to the extended diffusional barrier it may also lead to an increased concentration of soluble settlement inducers near the surface. The testing of such hypotheses will provide further insight into the interactions between invertebrate larvae and their preferred settlement substrata and produce valuable knowledge for the hatchery-based rearing of juveniles.
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